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ABS TRACT 

P r o p u l s i o n  systems analyses have i n d i c a t e d  t h a t  h i g h  power xenon i o n  
t h r u s t e r s  can enab le  t h e  use o f  sma l le r  launch v e h i c l e s  f o r  o r b i t  t r a n s f e r  m i s -  
s i ons  and, thereby ,  r e s u l t  i n  major  cost b e n e f i t s .  The 50-cm-diam t h r u s t e r s ,  
proposed t o  s a t i s f y  the  m iss ion  requi rements,  have been f a b r i c a t e d  and eva lu -  
a ted .  Because t h e  i o n  o p t i c s  a r e  considered t o  be t h e  most c r i t i c a l  component, 
t h e y  were sub jec ted  to  e x t e n s i v e  mechanical and e l e c t r i c a l  e v a l u a t i o n .  The i o n  
o p t i c s  f a b r i c a t i o n  process ,  used a t  NASA Lewis Research Center  f o r  the  p a s t  

i o n  o p t i c s  were v i b r a t i o n  t e s t e d  w i t h  no apparent  damage. 
c a p a b i l i t i e s  o f  30- and 50-cm-diam i o n  o p t i c s  were eva lua ted  on d i v e r g e n t  f i e l d  
and r i ng -cusp  d i scha rge  chambers and compared. 
d i scha rge  chamber type ,  d ischarge chamber power, and a c c e l e r a t o r  e l e c t r o d e  h o l e  
d iameters  were observed. Th rus t  and i n p u t  power l e v e l s  up t o  0.64 N and 20 kW, 
r e s p e c t i v e l y ,  were demonstrated w i t h  the  d i v e r g e n t  f i e l d  d i scha rge  chamber. 
T h r u s t e r  e f f i c i e n c i e s  and s p e c i f i c  impulse va lues  up t o  79 p e r c e n t  and 5000 sec 
were achieved w i t h  the  r ing-cusp d ischarge chamber. 
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m 18 years  t o  make 30- and 50-cm-diam i o n  o p t i c s  i s  desc r ibed .  The 50-cm-diam 
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INTRODUCTION 

Recent ana lyses  have shown t h a t  i o n  p r o p u l s i o n  upper s tages f o r  o r b i t  
t r a n s f e r  m iss ions  enable the  use o f  sma l le r  launch v e h i c l e s  which can r e s u l t  i n  
s i g n i f i c a n t  c o s t  sav ings ( r e f s .  1 and 2 ) .  I n  the  i n t e r e s t  o f  reduc ing  p r o p u l -  
s i o n  system comp lex i t y ,  h i g h  power xenon i o n  t h r u s t e r s  were assumed i n  those 
s t u d i e s .  Exper iments a t  the  NASA Lewis Research Center  w i t h  10 kW c l a s s  d i v e r -  
gent  f i e l d  ( r e f .  3 )  and r ing-cusp ( r e f .  4) 30-cm-diam xenon i o n  t h r u s t e r s  have 
shown a p o t e n t i a l  for reduced r i s k  by o p e r a t i n g  a 50-cm-diam t h r u s t e r  a t  a 
de ra ted  t h r u s t  l e v e l .  There fore ,  l a r g e r  50-cm-diam t h r u s t e r s  were f a b r i c a t e d  
and i n i t i a l  t e s t  r e s u l t s  d e s c r i b i n g  t h e i r  performance a t  t h i s  power l e v e l  have 
been presented  ( r e f .  5 ) .  

The i o n  e x t r a c t i o n  system, or  i o n  o p t i c s ,  i s  cons idered t o  be the most 
c r i t i c a l  ion t h r u s t e r  component because i t  t y p i c a l l y  processes more than 
80 p e r c e n t  o f  the  t h r u s t e r  i n p u t  power. I t  a l s o  l i m i t s  t he  maximum va lues  o f  
t h r u s t  and power d e n s i t i e s ,  e s p e c i a l l y  a t  va lues of s p e c i f i c  impulse between 
2000 and 5000 sec, which a re  near  optimum f o r  o r b i t  t r a n s f e r  m iss ions .  
Requirements o f  i o n  t h r u s t e r s  for  h i g h  t h r u s t  and r e l a t i v e l y  low s p e c i f i c  
impu lse  imp ly  i nc reased  i o n  e x t r a c t i o n  c a p a b i l i t y  th rough l a r g e r  a rea  beams 
and minimum g r i d - t o - g r i d  spacings.  Th is  combina t ion  can l e a d  t o  unprece- 
d e n t e d l y  l a r g e  span-to-gap r a t i o s  o f  the  i o n  o p t i c s .  

F l a t  p e r f o r a t e d  p l a t e  e l e c t r o d e s ,  w i t h  a span-to-gap r a t i o  of 60, evo lved  
d u r i n g  t h e  development o f  h i g h  s p e c i f i c  impulse mercury i o n  t h r u s t e r s  f o r  p lan -  
e t a r y  space p r o p u l s i o n  ( r e f .  6). When t h i s  techno logy  was a p p l i e d  t o  l a r g e r  



diameter, lower specific impulse engines, flat electrodes were found to warp 
severely under thermal loading even when held in tension or separated with 
interelectrode supports (refs. 7 and 8). Interelectrode supports provided 
reduced span-to-gap ratios for 30-cm-diam thrusters but were found to suffer 
from elevated charge exchange erosion rates (refs. 8 and 9). Insulated single 
electrode optics were also found t o  be unsuccessful (ref. 10). The single 
insulated electrode ion optics provided both poor performance, when operated 
in a vacuum facility with nonmetallic target, and limited lifetime for reasons 
explained in reference 10. 

Eventually, thermally stable 30-cm-diam, dished, two grid ion optics were 
fabricated and found to provide superior performance at relatively close grid- 
to-grid spacings (ref. 11). The span-to-gap ratio had been increased to about 
6UO. For nearly two decades dished ion optics, ranging in diameter from 8 to 
38 cm have been the preferred design o f  many ion sources for space propulsion 
and ground based applications (refs. 12 to 18). 

The basic techniques used to successfully construct 30-cm-diam ion optics 
at NASA Lewis were retained to fabricate 50-cm-diam ion optics. This paper 
describes the fabrication process and presents the results of mechanical and 
electrical evaluations of 50-cm-diam ion optics. The discharge chamber design 
and accelerator grid hole diameter were the major hardware variables. 
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SYMBOLS 

accelerator electrode open area, m2 

accelerator electrode hole diameter, mm 

screen electrode hole diameter, mm 

beam ion production cost, W/A 

electronic charge, 1 .6x1O-l9 C 

accelerator electrode open area fraction 

screen electrode open area fraction 

acceleration o f  gravity, 9.81 m/sec2 

specific impulse 

ion beam current, A 

clausing conductance factor 

Bo1 tzmann I s cons tan t , 1 .38x 10-23, JK-1 

xenon atom mass, 2.18~10-~~ kg 

ingested flow rate, eq. A .  

2 



vacuum f a c i  

t h r u s t ,  N 

vacuum f a c i  

a c c e l e r a t o r  

t h r u s t e r  i n p u t  power, W 

i t y  p ressu re ,  Pa 

i t y  w a l l  tempera ture ,  K 

e l e c t r o d e  t h i c k n e s s ,  mm 

screen e l e c t r o d e  t h i c k n e s s ,  mm 

d i scha rge  v o l t a g e ,  V 

n e t  a c c e l e r a t i n g  v o l t a g e ,  V ,  P o t e n t i a l  of d i scha rge  chamber plasma w i t h  
r e s p e c t  to  t h e  l o c a l  ground 

t h r u s t  c o r r e c t i o n  f a c t o r  due t o  m u l t i p l y  - charged i o n s  

t o t a l  t h r u s t  c o r r e c t i o n  f a c t o r  i n c l u d i n g  e f f e c t s  due t o  m u l t i p l y - c h a r g e d  
i o n s  and beam d ivergence.  

screen e l e c t r o d e  h o l e  p a t t e r n  r e d u c t i o n  t o  compensate for e l e c t r o d e  h o l e  
misa l ignment ,  p e r c e n t  

d i scha rge  p r o p e l l a n t  e f f i c i e n c y ,  unco r rec ted  f o r  m u l t i p l y  charged i o n s  

t o t a l  t h r u s t e r  p r o p e l l a n t  e f f i c i e n c y  unco r rec ted  for  m u l t i p l y  charged i o n s  

o v e r a l l  t h r u s t e r  e f f i c i e n c y  

APPARATUS AND PROCEDURE 

I o n  O p t i c s  F a b r i c a t i o n  

F i g u r e  1 shows t h e  s teps  o f  t h e  NASA Lewis i o n  o p t i c s  f a b r i c a t i o n  process.  
F i f t e e n  years  ago, 30-cm-diam i o n  o p t i c s  w e r e  f a b r i c a t e d  from low carbon a r c  
c a s t  molybdenum sheet .  S ince  then,  pressed and s i n t e r e d  molybdenum improved i n  
q u a l i t y  and became a v a i l a b l e  i n  a deep draw grade f o r  h i g h  s t r e s s  forming oper-  
a t i o n s .  The s i n t e r e d  molybdenum was s e l e c t e d  f o r  50-cm-diam i o n  o p t i c s .  
C r o s s - r o l l i n g  o f  t h i s  m a t e r i a l  was a l s o  s p e c i f i e d .  The f l a t  molybdenum sheets 
were then sent  t o  a vendor f o r  a p p l i c a t i o n  o f  bo th  a p h o t o s e n s i t i v e  c o a t i n g  i n  
t h e  d e s i r e d  h o l e  a r r a y  p a t t e r n  and i n d i c e s  t o  i n s u r e  a l i gnmen t .  Th is  c o a t i n g  
was r e s i s t a n t  t o  chemicals  t h a t  e t c h  molybdenum. The p r i n t e d  molybdenum sheets 
were r e t u r n e d  t o  NASA Lewis where p a i r s  o f  sheets  were  a l i g n e d  and prepared for 
hyd ro fo rm ing .  

The hydroforming appara tus  o f  r e f e r e n c e  1 1  was redes igned,  as shown i n  
f i g u r e  2 ,  and has been used to  f a b r i c a t e  a l l  30- and 50-cm-diam i o n  o p t i c s  a t  
NASA Lewis s i n c e  those d e s c r i b e d  i n  r e f e r e n c e  1 1 .  Two f l a t  molybdenum sheets,  
w i t h  p h o t o r e s i s t  p a t t e r n s  a1 igned,  were p laced  between the  upper and lower 
c lamping  r i n g s ,  o f  t h e  a p p r o p r i a t e  d iameter ,  as shown i n  f i g u r e  2 .  A 0.38-mm 
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t h i c k  sheet  o f  s t a i n l e s s  s t e e l  was p laced above t h e  molybdenum p ieces  t o  reduce 
t h e  s t r e s s  on the  molybdenum p ieces  a t  the  l o c k i n g  " v e e "  groove.  
p o l y e t h y l e n e  was p laced over  each molybdenum sheet t o  p r o t e c t  t h e  p h o t o r e s i s t  
p a t t e r n  from be ing  scra tched.  

A p iece  of 

The pressure  chamber p l a t e  and p i s t o n  w e r e  then lowered o n t o  t h e  upper 
c lamping r i n g  and the  l i f t i n g  nu ts  lowered. Nuts were hand t i g h t e n e d  o n t o  t h e  
c lamping b o l t s  and the  c a v i t y  above the  p i s t o n  was f i l l e d  w i t h  water .  A rubber  
sheet  above the  p i s t o n  sealed the  volume between the  pressure  chamber p l a t e  and 
t h e  p i s t o n .  An a i r - a c t u a t e d  h y d r o s t a t i c  pump p r e s s u r i z e d  t h e  water  i n  t h e  cav- 
i t y  to  lx107 Pa (1500 p s i ) ,  f o r c i n g  the  "vee" o f  the  upper c lamping  r i n g  and 
meta l  sheets i n t o  the  match ing groove i n  the  lower c lamping r i n g .  The water  
p ressu re  was then removed and the  clamping nu ts  were  r e t i g h t e n e d  by hand. 
water  above the  p i s t o n  was r e p r e s s u r i z e d  t o  1 . 7 ~ 1 0 ~  Pa (2500 p s i ) .  

The 

A r i n g  o f  rubber  sheet  between the  basep la te  and the  lower c lamping  r i n g  
sealed t h e  lower hydro forming  c a v i t y .  A second a i r - a c t u a t e d  h y d r o s t a t i c  pump 
p r e s s u r i z e d  t h e  w a t e r - f i l l e d  c a v i t y  between the  basep la te  and t h e  i o n  o p t i c s  
and f o r c e d  t h e  e lec t rodes  upward i n t o  the  f r e e  space between them and t h e  p i s -  
t on .  A s  shown i n  f i g u r e  2 the  e l e c t r o d e s  w e r e  d ished w i t h o u t  t h e  a i d  of a 
f o r m i n g  d i e .  
t o  produce d i s h  depths t o  5.1 cm i n  50-cm-diam i o n  o p t i c s .  The r e s u l t a n t  d i s h  
depth  was n e a r l y  l i n e a r  w i t h  hydro forming  pressure .  
then removed f rom the  hyd ro fo rm ing  apparatus and r e t u r n e d  t o  t h e  vendor t o  
c h e m i c a l l y  e t c h  the  ho les  i n t o  t h e  s o l i d  molybdenum sheets and then  remove t h e  
p h o t o r e s i s t  c o a t i n g .  

Hydroforming pressures  up t o  2 . 3 ~ 1 0 6  Pa (330 p s i )  were r e q u i r e d  

The formed i o n  o p t i c s  w e r e  

Wi th  t h e  excep t ion  o f  t h e  t h r e e  s e t s  o f  e l e c t r o d e s  eva lua ted  i n  r e f e r -  
ence 1 1 ,  none o f  the  30- or 50-cm-diam e l e c t r o d e s  f a b r i c a t e d  a t  NASA Lewis w e r e  
s t r e s s  r e l i e v e d .  I t  was found,  i n  r e f e r e n c e  19, t h a t  a d d i t i o n a l  g r i d  shaping 
c o u l d  occur  d u r i n g  the  s t r e s s  r e l i e v i n g  process .  
30-cm-diam e l e c t r o d e s  which w e r e  and w e r e  n o t  s t r e s s  r e l i e v e d ,  showed no advan- 
tages of e i t h e r  techn ique.  There fore ,  i t  was dec ided t o  f o r g o  t h e  s t r e s s  
r e l i e v i n g  s t e p  f o r  l a b o r a t o r y  hardware f a b r i c a t e d  a t  NASA Lewis.  Reference 20 
documents t h e  e v o l u t i o n  o f  a s t r e s s  r e l i e v i n g  procedure which has been used i n  
t h e  development o f  xenon i o n  t h r u s t e r s  ( r e f .  1 7 ) .  

Performance comparisons of 

Table I l i s t s  the  geometr ic  p r o p e r t i e s  o f  the  30- and 50-cm-diambdished 
i o n  o p t i c s  used i n  t h i s  i n v e s t i g a t i o n .  The NASA Lewis b u i l t  30-cm-diam e l e c -  
t rodes  were a t tached  a t  t h e i r  pe r ime te r  t o  0.38 cm t h i c k ,  f l a t  molybdenum r i n g s  
which were h e l d  a p a r t  by aluminum o x i d e  i n s u l a t o r s  l o c a t e d  upst ream o f  t h e  
o p t i c s  p lane i n  a manner s i m i l a r  t o  t h a t  desc r ibed  i n  r e f e r e n c e  1 1 .  To e l e c -  
t r i c a l l y  eva lua te  50-cm-diam i o n  o p t i c s ,  t hey  w e r e  separated by a r i n g  o f  
s y n t h e t i c  mica and h e l d  i n  compression by l a r g e  d iameter ,  0.38-cm-thick molyb- 
denum r i n g s .  

The c o l d  g r i d - t o - g r i d  spacings o f  50-cm-diam i o n  o p t i c s  were found t o  be 
nonun i fo rm whether they  were assembled or unassembled. I n  most cases t h e  m i n i -  
mum gap a t  t h e  i o n  o p t i c s  edge was s i g n i f i c a n t l y  l e s s  than t h e  c e n t e r l i n e  spac- 
i n g .  There a re  severa l  p o s s i b l e  reasons for t h e  gap n o n u n i f o r m i t y .  F i r s t ,  
r e g i o n s  o f  d i f f e r i n g  spr ingback  a f t e r  hyd ro fo rm ing  may occur  due to  v a r i a t i o n s  
i n  m a t e r i a l  t h i ckness  o f  up t o  10 pe rcen t .  The l a r g e  span t o  t h i c k n e s s  r a t i o  
a l s o  inc reased the  f r a g i l i t y  o f  t h e  i o n  o p t i c s ,  some o f  which s u f f e r e d  v a r y i n g  
degrees o f  de format ion  d u r i n g  hand l i ng .  V a r i a t i o n s  up t o  40 p e r c e n t  i n  t h e  
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t h i c k n e s s  o f  t h e  mica  spacer r i n g s  a l s o  c o n t r i b u t e d  t o  t h e  l a r g e  v a r i a t i o n s  i n  
t h e  g r i d - t o - g r i d  spacing.  I n  a d d i t i o n ,  t h e  undished pe r ime te r  f l a n g e  was n o t  
always f l a t  and normal t o  t h e  t h r u s t e r  a x i s .  There fore ,  s t r e s s e s  were p robab ly  
induced i n  t h e  e l e c t r o d e s  when t h e y  were clamped between t h e  mount ing r i n g s .  
Such s t r e s s e s  may have l e d  to  changes i n  t h e  g r i d - t o - g r i d  spacing under thermal  
l o a d i n g  o f  t h r u s t e r  o p e r a t i o n .  

I o n  O p t i c s  Mechanical  E v a l u a t i o n  

V i b r a t i o n  and shock t e s t s  o f  i n d i v i d u a l  50-cm-diam e l e c t r o d e s  and an 
assembly o f  e l e c t r o d e s  w e r e  conducted a t  t h e  S t r u c t u r a l  Dynamics Labora to ry  a t  
NASA Lewis t o  e v a l u a t e  t h e i r  s t r u c t u r a l  i n t e g r i t y .  Table I 1  l i s t s  t h e  p e r t i -  
n e n t  t e s t  parameters.  A l l  v i b r a t i o n  t a b l e  mot ion  was v e r t i c a l ,  a l o n g  t h e  a x i s  
of symmetry of t h e  e l e c t r o d e s  as shown i n  f i g u r e  3. I o n  o p t i c s  s e t  8 ,  which 
i s  i d e n t i c a l  i n  a p e r t u r e  dimensions t o  s t a t e - o f - t h e - a r t  30-cm-diam i o n  o p t i c s  
( r e f .  1 3 . > ,  was v i b r a t e d .  Set  number 8 rep resen ts  t h e  expected geomet r ic  
extremes f o r  screen and a c c e l e r a t o r  e l e c t r o d e  open area  f r a c t i o n s  o f  0.67 and 
0.24,  r e s p e c t i v e l y .  I n  a l l  cases, t h e  s i n g l e  or  double e l e c t r o d e s  were clamped 
t o  t h e  v i b r a t i o n  t a b l e  by a 1 . 2 7  cm t h i c k ,  13.2 c m  wide aluminum r i n g  which was 
c u t  i n t o  e i g h t  equal  segments. 

For  a l l  s i n g l e  e l e c t r o d e  t e s t s ,  t h e  v i b r a t i o n  t a b l e  mo t ion  was c o n t r o l l e d  
by t h e  o u t p u t  o f  a s i n g l e  acce le rometer  l o c a t e d  a t  t h e  i n n e r  edge o f  t h e  seg- 
mented c lamping  r i n g ,  which was ad jacen t  t o  t h e  d ished r e g i o n  o f  t h e  e l e c t r o d e s  
as shown i n  f i g u r e  3. For t h e  two-e lec t rode t e s t s  ( r u n s  6 and 7 )  t h e  feedback 
s i g n a l  from ano the r  acce le rometer ,  l o c a t e d  180" from t h e  one used fo r  runs  1 
t o  5 ,  was averaged w i t h  t h e  f i rs t  s i g n a l  t o  c o n t r o l  t h e  t a b l e  mot ion .  The 
i n d i v i d u a l  e l e c t r o d e s  were f i rst  t e s t e d  for resonant  f requenc ies  w i t h  a s i n e  
sweep from 5 t o  2000 Hz a t  an a c c e l e r a t i o n  o f  0.25 g and a sweep r a t e  o f  3 
oc taves  p e r  m i n u t e .  The e l e c t r o d e s  were then eva lua ted  w i t h  random v i b r a t i o n  
a t  4.2 and/or  15 g. The i n d i v i d u a l  e l e c t r o d e s  were t h e n  assembled w i t h  a 
0.76-mm-thick mica  r i n g  and random v i b r a t i o n  t e s t e d  a t  15 g and shock t e s t e d  
t o  a 36-g peak w i t h  t h r e e  h a l f - s i n e  p u l s e s  o f  about  8 msec d u r a t i o n .  

Three response acce le rometers  were used fo r  each s i n g l e  e l e c t r o d e  t e s t .  

I n s t e a d ,  a 1.5 V b a t t e r y  powered c o n t i n u i t y  

One acce le rometer  was a t tached  to  t h e  c e n t e r  of t h e  e l e c t r o d e  and t h e  o t h e r  two 
were l o c a t e d  a t  h a l f - r a d i u s ,  90" a p a r t .  No response acce le rometers  were used 
for t h e  two-e lec t rode assembly. 
check ing  c i r c u i t  and event  coun te r  were used t o  m o n i t o r  e l e c t r o d e  c o n t a c t  dur -  
i n g  t h e  15 g random v i b r a t i o n  t e s t .  

I o n  O p t i c s  E l e c t r i c a l  E v a l u a t i o n  

The a b i l i t y  o f  a s e t  o f  e l e c t r o d e s  t o  e f f i c i e n t l y  e x t r a c t  an i o n  beam from 
a d i scha rge  chamber i s  measured by i t s  "perveance."  Perveance f o r  a d iode con- 
f i g u r a t i o n  i s  de f ined as t h e  space charge l i m i t e d  c u r r e n t  d i v i d e d  by t h e  t h r e e -  
h a l v e s  power of t h e  p o t e n t i a l  d i f f e r e n c e  between t h e  e l e c t r o d e s .  The perveance 
l i m i t e d  i o n  beam c u r r e n t  i s  ach ieved when a s i g n i f i c a n t  i n c r e a s e  i n  a c c e l e r a t o r  
g r i d  c u r r e n t  i s  ob ta ined ,  due t o  i o n  de focus ing  from space charge e f f e c t s ,  as 
t h e  t o t a l  a c c e l e r a t i n g  v o l t a g e  i s  reduced.  To p r o v i d e  marg in,  normal i o n  
o p t i c s  o p e r a t i o n  occurs  a t  t o t a l  vo l tages  about  200 V or more above t h e  minimum 
va lue ,  or a t  beam c u r r e n t s  about  15 p e r c e n t  or more below t h e  maximum v a l u e .  
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Dev ia t i ons  from the  dependency on t h e  th ree-ha lves  power o f  t h e  p o t e n t i a l  
d i f f e r e n c e  between t h e  d i scha rge  plasma and the  a c c e l e r a t o r  g r i d  have been 
observed, and were  u s u a l l y  g r e a t e r  than th ree-ha lves ,  ( r e f s .  1 1  and 2 1 ) .  
These d e v i a t i o n s  have been a t t r i b u t e d  t o  v a r i a t i o n s  i n  the  e l e c t r o d e  spac ing  
d u r i n g  o p e r a t i o n ,  and t o  d i f f e r e n c e s  between a c t u a l  i o n  t h r u s t e r  c o n d i t i o n s  and 
the  assumptions made fo r  the  i d e a l  p l a n a r  d iode.  Some o f  these d i f f e r e n c e s  
were  d iscussed i n  d e t a i l  i n  r e f e r e n c e  22. 

The i o n  e x t r a c t i o n  c a p a b i l i t i e s  o f  30-cm-diam i o n  o p t i c s  s e t s  1 ,  2, and 3 ,  
eva luated on severa l  30-cm-diam d i scharge  chambers, w e r e  compared. O p t i c s  s e t  
3 was a l s o  eva lua ted  on the  50-cm-diam r i ng -cusp  d i scha rge  chamber t o  a l l o w  
comparisons w i t h  50-cm-diam o p t i c s  s e t s  4 t o  7 which w e r e  eva lua ted  on t h e  
50-cm-diam d i scharge  chambers. Tab le  I l i s t s  t h e  d i f f e r e n t  i o n  o p t i c s  s e t s  
aiid i d e n t i f i e s  those d i scha rge  chamber-ion o p t i c s  combina t ions  eva lua ted .  

D ischarge Chambers 

The 30-cm-diam d i v e r g e n t  f i e l d  and r i ng -cusp  d i scha rge  chambers des igna ted  
"30DIV" and "30RC," r e s p e c t i v e l y ,  were employed t o  eva lua te  30-cm-diam i o n  
o p t i c s  se ts  1, 2, and 3 i n  r e f e r e n c e s  21, 3, and 4, r e s p e c t i v e l y .  The i o n  
e x t r a c t i o n  c a p a b i l i t i e s  o f  o p t i c s  s e t s  3 t o  7 were eva lua ted  on a t  l e a s t  one of 
the  th ree  50-cm-diam d i scharge  chamber c o n f i g u r a t i o n s  shown i n  f i g u r e s  4 t o  6. 
The main d i f f e r e n c e  between t h e  d i scha rge  chambers was t h a t  one, des igna ted  
"50DIV" ( f i g .  4 1 ,  u t i l i z e d  a weak d i v e r g e n t  magnet ic  f i e l d  genera ted  th roughou t  
t h e  chamber volume w i t h  e lec t romagnets  t o  c o n t a i n  t h e  plasma w h i l e  t h e  o t h e r  
two ( f i g s .  5 and 6) i n c o r p o r a t e d  r i n g s  o f  r a r e - e a r t h  permanent magnets t o  
produce s t r o n g  boundary cusp magnet ic  f i e l d s .  The r i ng -cusp  geometry was des- 
i gna ted  "50RC." When o p t i c s  s e t  3 was eva lua ted  on 50RC, an adapter  p l a t e  was 
r e q u i r e d  as shown i n  f i g u r e  6. T h i s  m i l d  s t e e l  p l a t e  was e l e c t r i c a l l y  i s o l a t e d  
from the  d l scha rge  chamber and u s u a l l y  h e l d  a t  cathode p o t e n t i a l .  
e i t h e r  0 or 2 l a y e r s  o f  magnet a r ranged i n  t h r e e  r i n g s .  These two c o n f i g u r a -  
t i o n s  were des igna ted  "50RCO" and "50RC2," r e s p e c t i v e l y .  Add! t i o n a l  d i scha rge  
chamber i n f o r m a t i o n  has been p resen ted  i n  r e f e r e n c e s  3 t o  5 and 23. 

I t  had 

Vacuum F a c i l i t i e s  

I o n  o p t i c s  e v a l u a t i o n s  w e r e  conducted i n  two l a r g e  vacuum f a c i l i t i e s  a t  
NASA Lewis. The d i v e r g e n t  f i e l d  t h r u s t e r  was opera ted  i n  a 7.6-m diam by 
21.3-111 l o n g  vacuum f a c i l i t y  w h i l e  t h e  r ing-cusp t h r u s t e r  was opera ted  i n  a 
4.6-m diam by 19.2-m l o n g  f a c i l i t y .  Vacuum f a c i l i t y  p ressu res ,  w i t h o u t  p r o p e l -  
l a n t  f l o w ,  were  about l ~ l O - ~  Pa ( 8 ~ 1 0 - ~  t o r r )  and w e r e  achieved w i t h  twen ty  
0.8-m-diam o i l  d i f f u s i o n  pumps. D u r i n g  t h r u s t e r  o p e r a t i o n ,  t he  f a c i l i t y  p res-  
sure v a r i e d  from 0.5 to  Z X ~ O - ~  Pa (0 .4  t o  1 . 6 ~ 1 0 - ~  tor r )  f o r  xenon f low r a t e s  
o f  3 t o  1 2 ~ 1 0 - ~  kg /s .  A t  these p ressu res ,  n o n - n e g l i g i b l e  amounts o f  f a c i l i t y  
r e s i d u a l  gas may be i nges ted  by  t h e  t h r u s t e r  and c o n t r i b u t e  t o  t h e  d i scha rge  
chamber n e u t r a l  d e n s i t y .  

Th is  f low r a t e  was es t ima ted  from equa t ion  ( 1 )  ( r e f .  23) as: 

, eq. A .  ( 1 )  
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Symbols are defined in the SYMBOLS list. 

Power Supplies 

Two similar 60 Hz laboratory power supply systems were used interchange- 
ably to evaluate the ion optics. They have been described in references 3 
and 21. 

Overall Thruster Performance 

Values of input power, thrust, specific impulse, and efficiency were cal- 
culated using the equations and assumptions of reference 23. 

RESULTS 

The structural integrity and ion extraction capability of 50-cm-diam ion 
optics were evaluated. Values of overall thruster performance using these 
optics were also calculated. 

Ion Optics Mechanical Evaluation 

Resonant search. - Resonant searches of individual screen and accelerator 
electrodes (runs 1 and 4, table 11) were conducted using a 0.25 g amplitude 
sine sweep. The response spectra of accelerometers located at the centers of 
the screen and accelerator electrodes are shown in figures 7(a) and (b), 
respectively. These spectra clearly show closely spaced higher order resonant 
frequencies above about 600 Hz for the screen electrode and 900 Hz for the 
accelerator electrode. Acceleration amplification factors at the center of 
each electrode were as high as 370 for the screen electrode and 140 for the 
accelerator electrode. The maximum acceleration levels obtained at the screen 
electrode half radius were 3200 and 270 percent lower than that at the screen 
electrode center. The maximum acceleration levels obtained at the accelerator 
electrode half radius were only 34 and 14 percent lower than that at the accel- 
erator electrode center. The accelerator electrode is more massive than the 
screen electrode because it has a lower open area fraction. These large varia- 
tions may be due to excitation of different mode shapes for each electrode. 
The absence of a clear consistent fundamental frequency and subsequent harmon- 
ics, for the electrodes during sine and random vibration tests, indicates the 
complexity of the problem. For example, the low frequency "resonance" at 
150 Hz (fig. 7(a>) was observed only during run 1 of the screen electrode and 
is not understood at this time. 

For purposes of comparison, an accelerometer, located at the center of the 
accelerator electrode of a complete 30-cm-diam mercury ion thruster, indicated 
resonant frequencies from 135 to 270 Hz during a sinusoidal vibration test with 
an 1 1  g input. Amplification factors at these frequencies of about 10 were 
measured (ref. 24). Electrode shape, dimensions, and mounting techniques would 
be expected to significantly impact the responses. 
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Random v i b r a t i o n .  - The 4.2 g random v i b r a t i o n  i n p u t  spectrum ( r u n  Z ) ,  
shown i n  f i g u r e  8(a) ,  was s e l e c t e d  to  be r e p r e s e n t a t i v e  o f  a T i t a n  I11 launch 
v e h i c l e .  The d e s i r e d  random v i b r a t i o n  spectrum was s p e c i f i e d  and boundar ies ,  
k 3  dB f rom t h e  d e s i r e d  a c c e l e r a t i o n  s p e c t r a l  d e n s i t y ,  were drawn. The v i b r a -  
t i o n  t a b l e  mo t ion  was c o n t r o l l e d  t o  p r o v i d e  a c c e l e r a t i o n  s p e c t r a l  d e n s i t y  v a l -  
ues w i t h i n  these boundar ies .  The peak and t o t a l  i n t e g r a t e d  responses o f  t h e  
acce le rometer  l o c a t e d  a t  t he  c e n t e r  o f  the  screen e l e c t r o d e  w e r e  624 and 111 g, 
r e s p e c t i v e l y ,  and were o b t a i n e d  from the  spectrum shown i n  f i g u r e  8 ( b ) .  The 
t o t a l  i n t e g r a t e d  response i s  d e f i n e d  as the  square r o o t  o f  t h e  area  under t h e  
spectrum. 
600 Hz and t h e  maximum a c c e l e r a t i o n  occu r red  a t  about  1300 Hz. A t  1300 Hz, t h e  
peak a c c e l e r a t i o n  a m p l i f i c a t i o n  f a c t o r  was about 310. A t  t h i s  f requency  b o t h  
t h e  maximum a c c e l e r a t i o n  and t o t a l  i n t e g r a t e d  response a c c e l e r a t i o n ,  i n d l c a t e d  
by the  two h a l f - r a d i u s  acce le rometers ,  w e r e  1.7 and 2.7 t imes l e s s  than  t h a t  a t  
t he  c e n t e r .  The o r d e r  o f  t h e  h a l f  r a d i u s  r e s u l t s  g i v e n  here i s  t h e  same as 
t h a t  g i v e n  for  the  s i n e  sweep. 
and random runs  a r e  v e r y  d i f f e r e n t .  

As i t  was f o r  t h e  s i n e  sweep, the  response was n e g l i g i b l e  up to  

Note t h a t  the  r e l a t i v e  responses o f  t h e  s i n e  

Because t h e r e  was no apparent  p h y s i c a l  damage t o  t h e  screen e l e c t r o d e ,  t h e  
v i b r a t i o n  t a b l e  i n p u t  l e v e l  was r a i s e d  t o  15 g ( r u n  3) w i t h  t h e  spect rum shown 
i n  f i g u r e  9(a>.  
i s  shown i n  f i g u r e  9 ( b > .  The peak and t o t a l  responses w e r e  about  1140 and 
320 g, r e s p e c t i v e l y ,  w i t h  t h e  a m p l i f i c a t i o n  f a c t o r  a t  t h e  peak a c c e l e r a t i o n  
d ropp ing  t o  about  180. A t  h a l f - r a d i u s ,  t he  s p e c t r a  peaks near  600 Hz, f o r  b o t h  
acce le rometers  were g r e a t e r  than those near  1300 Hz w i t h  a m p l i f i c a t i o n  f a c t o r s  
r a n g i n g  f r o m  40 t o  110. Again, t h e r e  was no apparent  damage. 

The response spect rum for  the  c e n t e r  o f  t h e  screen e l e c t r o d e  

The a c c e l e r a t o r  e l e c t r o d e  was v i b r a t e d  i n  a random mot ion  w i t h  o n l y  a 15 g 
i n p u t  l e v e l  ( r u n  5) hav ing  boundary l e v e l s  i d e n t i c a l  t o  those o f  f i g u r e  9 (a ) .  
The response o f  t h e  c e n t e r  acce le rometer  i s  shown i n  f i g u r e  9 ( c ) .  Peak va lues  
of  a c c e l e r a t i o n ,  o f  about  670 g, were observed a t  f r e q u e n c i e s  near  1000 and 
1500 Hz g i v i n g  a c c e l e r a t i o n  a m p l i f i c a t i o n  f a c t o r s  o f  70 and 100, r e s p e c t i v e l y .  
The t o t a l  i n t e g r a t e d  response was 211 g. Assembled as a s e t ,  w i t h  a spac ing  of 
about  0 .76 mm, t h e  screen and a c c e l e r a t o r  e l e c t r o d e s  w e r e  sub jec ted  to  a random 
v i b r a t i o n  t e s t  ( r u n  6) a t  15 g. The i n p u t  spectrum boundar ies  were t h e  same as 
i n  f i g u r e  9 (a ) .  Disp lacements o f  t h e  assembled e l e c t r o d e s  were s u f f i c i e n t  to  
cause repeated  e l e c t r o d e  c o n t a c t  t h roughou t  t h e  r u n .  
s i m p l i f i e d  a n a l y s i s ,  t h e  c e n t e r l i n e  e l e c t r o d e  d isp lacements  a t  t h e  resonan t  
f requenc ies  were es t ima ted  t o  be about  0.5 mm. However, a f t e r  t h e  run ,  inspec-  
t i o n  i n d i c a t e d ,  as i n  t h e  cases o f  s i n g l e  e l e c t r o d e s ,  t h a t  no damage had 
occu r red .  

Based on t h i s  f a c t  and a 

I n  summary, t h e  energ ies  i n  t h e  response s p e c t r a  w e r e  concen t ra ted  i n  the  
h i g h e r  o r d e r  resonan t  f requency  domai ns, as expected,  a1 though the  mai n energy 
con ten ts  of  t h e  random i n p u t  s p e c t r a  were i n  t h e  f requency  range below 800 Hz. 
Due t o  a c c e l e r a t i o n  a m p l i f i c a t i o n  f a c t o r s  o f  severa l  hundred t imes t h e  i n p u t s  
a t  t h e  resonant  f requenc ies ,  t h e  h i g h  f requenc ies  i n v o l v e d  l e d  t o  d isp lacements  
o f  o r d e r  0 .5 mm which caused e l e c t r o d e  c o n t a c t .  These d isp lacements  a p p a r e n t l y  
had l i t t l e  p o t e n t i a l  for  damage d u r i n g  e i t h e r  s i n e  or random v i b r a t i o n  t e s t i n g .  

Shock t e s t .  - A s e r i e s  o f  t h r e e  h a l f - s i n e  36.4-9 shock pu lses  were con- 
duc ted  d u r i n g  r u n  7 to  conclude t h i s  p r e l i m i n a r y  s t r u c t u r a l  t e s t i n g .  
cimens showed no v i s i b l e  ev idence o f  damage when inspec ted  a t  t h e  c o n c l u s i o n  o f  
t h e  t e s t  sequence. 

The spe- 
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I o n  O p t i c s  E l e c t r i c a l  E v a l u a t i o n  

The i o n  e x t r a c t i o n  c a p a b i l i t i e s ,  of i o n  o p t i c s  s e t s  3 to  7 from t a b l e  I, 
were eva lua ted  on t h e  50-cm-diam d i scharge  chambers, as shown i n  t a b l e  I, and 
compared. 

The 30-cm diam i o n  o p t i c s .  - F i g u r e  10 compares t h e  xenon i o n  e x t r a c t i o n  
c a p a b i l i t i e s  o f  t h r e e  s e t s  o f  30-cm-diam i o n  o p t i c s  which w e r e  i d e n t i c a l ,  
except  t h a t  t he  a c c e l e r a t o r  g r i d  h o l e  d iameters  o f  o p t i c s  s e t  3 were 1 1  p e r c e n t  
g r e a t e r  than those o f  s e t  1 and t h e  a c c e l e r a t o r  g r i d  th i cknesses  o f  o p t i c s  
s e t s  2 and 3 were  33 p e r c e n t  g r e a t e r  t han  t h a t  o f  s e t  1 .  The i o n  o p t i c s  were 
eva lua ted  on f o u r  d i f f e r e n t  d i scha rge  chamber c o n f i g u r a t i o n s .  The c i r c u l a r  and 
square d a t a  p o i n t s ,  o b t a i n e d  w i t h  o p t i c s  s e t s  1 and 3, r e s p e c t i v e l y ,  eva lua ted  
on i d e n t i c a l ,  m o d i f i e d  J -Ser ies  d i scha rge  chambers d e s c r i b e d  i n  re fe rences  21 
and 3, r e s p e c t i v e l y ,  d e f i n e  n e a r l y  i d e n t i c a l  i o n  e x t r a c t i o n  c a p a b i l i t i e s .  

F i g u r e  10 a l s o  shows t h e  i o n  e x t r a c t i o n  c a p a b i l i t y  o f  o p t i c s  s e t  2 e v a l -  
ua ted  on the  NASA Lewis b a s e l i n e  30-cm-diam r i ng -cusp  d i scha rge  chamber 
( r e f .  4 ) .  Compared t o  o p t i c s  s e t s  1 and 3 on t h e  d i v e r g e n t  f i e l d  d i scha rge  
chamber, t he  perveance o f  o p t i c s  s e t  2 i s  between 30 and 40 pe rcen t  lower  than  
t h a t  o f  o p t i c s  s e t  3. A p p l y i n g  the  s e n s i t i v i t i e s  of perveance t o  changes i n  
a c c e l e r a t o r  g r i d  h o l e  d iameter  ( r e f .  24) and c o l d  g r i d  spac ing  ( r e f .  22) to  t h e  
geomet r ic  d i f f e r e n c e s  between o p t i c s  s e t s  2 and 3, t h e i r  perveances should have 
been i d e n t i c a l  i f  eva lua ted  on the  same d i scha rge  chamber. One p o s s i b l e  exp la -  
n a t i o n  f o r  the  perveance d i f f e r e n c e ,  o f f e r e d  i n  r e f e r e n c e  5, was t h a t  r i ng -cusp  
t h r u s t e r s  t y p i c a l l y  e x h i b i t  c u r r e n t  d e n s i t y  p r o f i l e s  which a re  more a x i a l l y -  
peaked than those o f  d i v e r g e n t  f i e l d  t h r u s t e r s .  
w e r e  n o t  measured for  any o f  t h e  d a t a  o f  f i g u r e  10. The perveance d i f f e r e n c e  
was n o t  due to  d i f f e r e n c e s  i n  d i scha rge  power (and, t he reby ,  u n l i k e l y  t o  be due 
t o  thermal  d i f f e r e n c e s )  because t h e  i o n  p r o d u c t i o n  c o s t s  (d i scha rge  w a t t s  p e r  
beam ampere), for va lues  o f  beam c u r r e n t  2A and above, were cons tan t  w i t h i n  
10 pe rcen t  for  bo th  se ts  o f  da ta .  

Beam c u r r e n t  d e n s i t y  p r o f i l e s  

When i o n  o p t i c s  s e t  3 was eva lua ted  on t h e  50-cm-diam r i ng -cusp  d i scha rge  
chamber, the  adapter  p l a t e  had e i t h e r  no magnets (50RCO>, or t h r e e  r i n g s  of 
doub le- layer  magnets (50RC2) to  reduce the  i o n  w a l l  losses ( r e f s .  5 and 23) .  
Compared t o  the  J-Ser ies d i scha rge  chamber, t h e  ion e x t r a c t i o n  c a p a b i l i t y  f o r  
50RCO was about  20 p e r c e n t  g r e a t e r  and t h a t  o f  50RC2 about  20 p e r c e n t  below. 
Wi th  magnets on the  adapter  p l a t e ,  t h e  d i scha rge  power o f  580 W (d i scha rge  
v o l t a g e  t imes emiss ion  c u r r e n t )  r e q u i r e d  to produce a beam c u r r e n t  of 2 .3  A was 
h a l f  t h a t  when no magnets were used. Thus, t h e  i o n  o p t i c s  w e r e  p r o b a b l y  h o t t e r  
for the  case w i t h o u t  adapter  p l a t e  magnets which may have r e s u l t e d  i n  a c l o s e r  
g r i d - t o - g r i d  spacing and h i g h e r  perveance.  The presence o f  s t r o n g  f i e l d  mag- 
ne ts  near the  i o n  o p t i c s  may have a l s o  a l t e r e d  t h e  plasma d e n s i t y  p r o f i l e .  
Compared to  the  i o n  e x t r a c t i o n  capabi 1 i t y  o f  t h e  NASA Lewis base1 i ne 30-cm-diam 
r i ng -cusp  t h r u s t e r ,  t h e  i o n  e x t r a c t i o n  c a p a b i l i t i e s  for  50RCO and 50RC2 w e r e  
about  80 and 40 pe rcen t  g r e a t e r .  

The 50-cm-diam i o n  o p t i c s ;  d i v e r g e n t  f i e l d  t h r u s t e r .  - The i o n  e x t r a c t i o n  
capabi 1 i t i e s  o f  50-cm-diam o p t i c s  eva lua ted  on t h e  50-cm-diam d i v e r g e n t  f i e l d  
d i scha rge  chamber a r e  shown i n  f i g u r e  1 1 .  
s c a t t e r  i n  the  da ta .  There a r e  seve ra l  n o t a b l e  f e a t u r e s  which w i l l  be d i s -  
cussed s e p a r a t e l y  for  each o p t i c s  s e t .  

The s o l i d  l i n e s  a r e  boundar ies  f o r  
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The perveance da ta  for  i o n  o p t i c s  s e t  4 c o n t a i n  v a r i a t i o n s  o f  n e a r l y  
50 pe rcen t  which appeared t o  be p r i m a r i l y  a f u n c t i o n  o f  d ischarge power. For 
example, t he  da ta  p o i n t s  connected by  n e a r l y  v e r t i c a l  dashed l i n e s  were 
ob ta ined  a t  thermal e q u i l i b r i u m  c o n d i t i o n s  and cons tan t  p r o p e l l a n t  f low r a t e s  
w i t h  o n l y  v a r i a t i o n s  i n  d i scha rge  power ( p r i m a r i l y  d i scha rge  c u r r e n t )  and con- 
sequent ly ,  p r o p e l l a n t  e f f i c i e n c y .  However, when t h e  d i scha rge  power was h e l d  
n e a r l y  cons tan t  a t  va lues  between 500 and 550 W t h e  r e s u l t i n g  perveance was 
a l s o  cons tan t .  The space charge l i m i t e d  beam c u r r e n t  inc reased f r o m  1.7 t o  
3 A w i t h  the  three-halves power of t h e  t o t a l  a c c e l e r a t i n g  v o l t a g e  and o n l y  
inc reases  o f  p r o p e l l a n t  f low r a t e  as i n d i c a t e d  by t h e  s o l i d  l i n e  connec t ing  t h e  
s i x  c i r c u l a r  da ta  p o i n t s  a t  3 A o r  l e s s .  Values o f  p r o p e l l a n t  e f f i c i e n c y  for  
these p o i n t s ,  ranged from about  0.4 t o  0.5. The maximum va lues  o f  p r o p e l l a n t  
e f f i c i e n c y  fo r  o p t i c s  s e t  4 were l i m i t e d  by t h e  h i g h  open area  f r a c t i o n  o f  t h e  
a c c e l e r a t o r  e l e c t r o d e  which a l l owed  s i g n i f i c a n t  l o s s e s  o f  n e u t r a l  p r o p e l l a n t .  
S i m i l a r l y ,  t h e  f o u r  o p t i c s  s e t  4 d a t a  p o i n t s  connected by the  upper s o l i d  l i n e ,  
were ob ta ined  as the  d i scha rge  power and p r o p e l l a n t  e f f i c i e n c y  were  inc reased,  
r e s p e c t i v e l y ,  from o n l y  870 t o  1130 W and from 0.6 t o  0.7. Assuming thermal  
r a d i a t i o n  was t h e  dominant hea t  loss mechanism, t h i s  power change would be 
expected t o  r a i s e  t h e  average e l e c t r o d e  tempera ture  o n l y  about  7 p e r c e n t  and 
have a n e g l l g i b l e  e f f e c t  on perveance. Again,  t he  perveance was n e a r l y  con- 
s t a n t .  Thus, i t  appears t h a t  p a r t  o f  the  observed inc reases  i n  perveance, w i t h  
inc reases  i n  beam c u r r e n t  and d i scha rge  power, which a r e  r e f l e c t e d  as a g r e a t e r  
than th ree-ha lves  dependency may be due t o  e l e c t r o d e  tempera ture  i nc reases  
which can lead  t o  e l e c t r o d e  spac ing  decreases. P o s s i b l e  v a r i a t i o n s  i n  plasma 
d e n s i t y  p r o f i l e  may a l s o  c o n t r i b u t e  to  the  perveance v a r i a t i o n s .  

The thermal  response t ime  o f  t h e  molybdenum e l e c t r o d e s  i s  v e r y  s h o r t ,  
whereas t h a t  o f  the  molybdenum mount ing r i n g  a d j a c e n t  t o  t h e  screen e l e c t r o d e  
was found t o  be about 2 h r  f o r  a d i scha rge  power i n p u t  change from 0 t o  850 W .  
There fore ,  o n l y  perveance d a t a  o b t a i n e d  2 h r  a f t e r  s t a r t - u p  were presented .  
When taken d u r i n g  the  warm-up p e r i o d ,  perveance d a t a  were below t h e  lower  
s o l i d  l i n e s  fo r  each i o n  o p t i c s  geometry and n o t  r e p e a t a b l e .  The i o n  e x t r a c -  
t i o n  c a p a b i l i t i e s  o f  i o n  o p t i c s  s e t s  5 and 6, which had s m a l l e r  a c c e l e r a t o r  
e l e c t r o d e  ho les ,  were l e s s  than t h a t  o f  s e t  4 .  Th is  t r e n d  was a n t i c i p a t e d ,  
based on r e s u l t s  w i t h  30-cm o p t i c s  p resented  i n  r e f e r e n c e  25, b u t  t h e  s e n s i t i v -  
i t y  was g r e a t e r  than expected.  A s  w i t h  i o n  o p t i c s  s e t  4, v a r i a t i o n s  i n  t h e  
perveance w i t h  d ischarge power w e r e  l a r g e  (up to  35 p e r c e n t ) .  Again, t h e  
p o i n t s  connected by dashed l i n e s  were o b t a i n e d  a t  cons tan t  p r o p e l l a n t  f low 
r a t e s  w i t h  o n l y  d ischarge power v a r i e d .  

When i o n  o p t i c s  s e t  7 was eva lua ted ,  t h e  perveance was so low o n l y  l i m i t e d  
da ta  w e r e  ob ta ined .  Dur ing  e v a l u a t i o n  o f  i o n  o p t i c s  s e t  5 ,  t h e  a c c e l e r a t o r  
e l e c t r o d e  impingement c u r r e n t  i n i t i a l l y  dropped from 17 pe rcen t  o f  t h e  beam 
c u r r e n t ,  t o  l e s s  than 2 pe rcen t  a f t e r  6 h r .  Pos t  t e s t  i n s p e c t i o n  r e v e a l e d  t h a t  
i o n  beamlets were s t r i k i n g  t h e  w a l l s  o f  t h e  a c c e l e r a t o r  e l e c t r o d e  h o l e s ,  espe- 
c i a l l y  a t  the  o u t e r  r a d i i .  Th i s  e r o s i o n  was n o t  c i r c u m f e r e n t i a l l y  symmetric, 
which i n d i c a t e d  l o c a l i z e d  r e g i o n s  o f  misa l ignment  and/or  l a r g e  g r i d  spac ing  
v a r i a t i o n s  d u r i n g  o p e r a t i o n .  The b e s t  perveance o f  o p t i c s  s e t  7 was l e s s  than 
t h a t  o f  o p t i c s  s e t  3 (wh ich  had n e a r l y  t h e  same geometry) even though t h e  i o n  
e x t r a c t i o n  area  was n e a r l y  t r i p l e  t h a t  o f  o p t i c s  s e t  3 .  

For 30-cm-diam i o n  o p t i c s  eva lua ted  a t  a beam c u r r e n t  o f  2 A on a 30-cm- 
diam, d i v e r g e n t  f i e l d  mercury i o n  t h r u s t e r ,  t h e  minimum t o t a l  a c c e l e r a t i n g  
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v o l t a g e  inc reased  from about 1050 t o  1 90 V as the  a c c e l e r a t o r  g r i d  h o l e  diame- 
t e r  was decreased from 1.91 t o  1.14 mm Cons ide r ing  l i g h t e r  xenon p r o p e l l a n t  
and l a r g e r  a rea  50-cm-diam i o n  o p t i c s ,  beam c u r r e n t s  o f  7 .5  A were expected f o r  
t h e  same t o t a l  v o l t a g e  and a c c e l e r a t o r  h o l e  d iameter  ranges as used w i t h  30-cm- 
diam c o n f i g u r a t i o n s .  F igu re  11 shows h a t  beam c u r r e n t  e x t r a p o l a t i o n s  t o  these 
c o n d i t i o n s  v a r i e d ,  a t  bes t ,  from 5.6 A f o r  o p t i c s  s e t  4 t o  o n l y  about  1.2 A f o r  
o p t i c s  s e t  7 .  Thus, n o t  o n l y  were t h e  l e v e l s  o f  beam c u r r e n t  lower  than 
expected,  b u t ,  t h e y  were more s e n s i t i v e  t o  v a r i a t i o n s  i n  a c c e l e r a t o r  h o l e  diam- 
e t e r  than f o r  30-cm-diam i o n  o p t i c s .  The s e n s i t i v i t y  o f  imp ingement - l im i ted  
normal ized  perveance pe r  h o l e  t o  a c c e l e r a t o r  g r i d  h o l e  d iameter  observed i n  
r e f e r e n c e  26 f o r  smal l  a rea  o p t i c s  was n e a r l y  i d e n t i c a l  t o  t h a t  observed for 
50-cm-diam o p t i c s .  The causes o f  the  behav io ra l  d i f f e r e n c e s  between 30- and 
59-cm-diam i o n  o p t i c s  a r e  n o t  known a t  t h i s  t ime .  However, i t  i s  known t h a t  
t he  f a b r i c a t i o n  q u a l i t y  o f  these f i r s t  genera t i on  50-cm-diam i o n  o p t i c s  i s  poor  
and t h a t  the  edge spacing v a r i a t i o n s  a r e  l a r g e  compared t o  those o f  30-cm-diam 
i o n  o p t i c s .  

The 50-cm-diam i o n  o p t i c s ,  r ing-cusp t h r u s t e r .  - The i o n  e x t r a c t i o n  capa- 
b i l i t i e s  o f  t h e  50-cm-diam o p t i c s  were a l s o  eva lua ted  w i t h  t h e  50-cm-diam r i n g -  
cusp d i scha rge  chamber, as shown i n  f i g u r e  12. 

The s e n s i t i v i t y  o f  o p t i c s  perveance t o  d ischarge power and r e s u l t a n t  t h e r -  
mal e f f e c t s ,  shown i n  f i g u r e  1 1 ,  was n o t  observed w i t h  t h e  r i ng -cusp  d i scha rge  
chamber. Th is  r e s u l t  may be a t t r i b u t e d  to  the  f a c t  t h a t  t h e  r i ng -cusp  d i s -  
charge chamber produces i ons  more e f f i c i e n t l y  than t h e  d i v e r g e n t  f i e l d  geometry 
and would be expected t o  have reduced t h e r m a l l y  r e l a t e d  e f fec ts  on the  i o n  
o p t i c s .  

Reference 23 showed t h a t  for p r o p e l l a n t  e f f i c i e n c i e s  i n  excess o f  0.8, t h e  
i o n  p r o d u c t i o n  c o s t s  fo r  the  r ing-cusp t h r u s t e r  decreased from about  170 t o  
100 W p e r  beam ampere w i t h  decreas ing  a c c e l e r a t o r  e l e c t r o d e  h o l e  d iameter  
( o p t i c s  s e t s  4, 6, and 7 ) .  For the  d a t a  o f  f i g u r e  12, t y p i c a l  i o n  p r o d u c t i o n  
c o s t s ,  f o r  p r o p e l l a n t  e f f i c i e n c i e s  o f  0.7 and above, were t y p i c a l l y  40 t o  
70 pe rcen t  l e s s  than those o f  the  d i v e r g e n t  f i e l d  d i scha rge  chamber ( f i g .  1 1 ) .  
I n  a d d i t i o n  t o  d i f f e r e n c e s  i n  the  l e v e l s  o f  d ischarge power, d i f f e r e n c e s  
e x i s t ,  between each d ischarge chamber des ign,  i n  the  d i s t r i b u t i o n  o f  t h a t  
power. The e l e c t r o n  c u r r e n t  i n  d i v e r g e n t  f i e l d  t h r u s t e r s  i s  c o l l e c t e d  a t  t h e  
downstream end o f  t h e  anode ( r e f .  271, w h i l e  i t  i s  more u n i f o r m l y  d i s t r i b u t e d  
i n  r ing-cusp t h r u s t e r s  ( r e f .  19) .  These v a r i a t i o n s  would be expected t o  r e s u l t  
i n  lower  s teady -s ta te  temperatures o f  the  e l e c t r o d e s  and mount ing  r i n g s  when 
t e s t e d  on the  r ing-cusp t h r u s t e r  and a r e  p robab ly  t h e  major  causes of t h e  d i f f -  
erences i n  response t o  changes i n  d i scha rge  power. These e f f e c t s  may produce 
s m a l l e r  changes i n  the  e l e c t r o d e  gap a t  thermal  e q u i l i b r i u m  which would r e s u l t  
i n  lower  perveance va lues  than those o b t a i n e d  w i t h  t h e  d i v e r g e n t  f i e l d  d i s -  
charge chamber. 

The s e n s i t i v i t y  of perveance t o  a c c e l e r a t o r  e l e c t r o d e  h o l e  d iameter  was 
n e a r l y  t h e  same as t h a t  found w i t h  the  d i v e r g e n t  f i e l d  d i scha rge  chamber. How- 
ever ,  t he  perveance o f  each o p t i c s  s e t  eva lua ted  on t h e  r i ng -cusp  d i scha rge  
chamber was always lower  than i t  was f o r  t h e  d i v e r g e n t  f i e l d  geometry.  The 
d i f f e r e n c e s  were about  30 pe rcen t  f o r  o p t i c s  s e t s  4, 5, and 6 and about  20 pe r -  
c e n t  for s e t  7 .  The d i f f e r e n c e s  a r e  b e l i e v e d  t o  be p r i m a r i l y  due t o  v a r i a t i o n s  
i n  t h e  thermal  env i ronments and/or  plasma d e n s i t y  d i s t r i b u t i o n s  as e x p l a i n e d  
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e a r l i e r .  Thus, t he  improved performance o f  the  r i ng -cusp  d ischarge chamber was 
o f f s e t  s l i g h t l y  by a r e d u c t i o n  i n  the  i o n  e x t r a c t i o n  c a p a b i l i t y .  

Th is  p e n a l t y  was minor  r e l a t i v e  to  the  reduced l e v e l s  o f  beam c u r r e n t  
ob ta ined  compared w i  t h  those a n t i  c i  pated based on t h e  performance o f  30-cm-di am 
i o n  o p t i c s .  F a b r i c a t i o n  process improvements, such as s t r e s s  r e l i e v i n g ,  may 
reduce g r i d  spacing v a r i a t i o n s  and ho le  misa l ignment .  

O v e r a l l  Th rus te r  Performance 

Values o f  o v e r a l l  t h r u s t e r  performance w e r e  c a l c u l a t e d  for b o t h  50-cm-diam 

Tables I11 and I V  l i s t  the  o p e r a t i n g  c o n d i t i o n s  and c a l c u l a t e d  pe r -  
d ischarge chambers opera ted  w i t h  50-cm-diam i o n  o p t i c s  u s i n g  demonstrated con- 
d l t i o n s .  
formance va lues  for the  50-cm-diam d i v e r g e n t  f i e l d  and r i ng -cusp  xenon i o n  
t h r u s t e r s .  F igu res  13 and 14 present  the  t h r u s t  o b t a i n e d  as a f u n c t i o n  o f  
t h r u s t e r  i n p u t  power and t h r u s t e r  e f f i c i e n c y  as a f u n c t i o n  o f  s p e c i f i c  impu lse ,  
r e s p e c t i v e l y .  F igu re  13 shows t h a t  the  t h r u s t  inc reased n e a r l y  l i n e a r l y  from 
0.09 to  0.64 N as t h e  t h r u s t e r  i n p u t  power was r a i s e d  t o  20 kW. Thrus t - to -  
power r a t i o s  v a r i e d  f rom 41 t o  32 mN/kW f o r  t h e  d a t a  shown. F i g u r e  14 shows 
t h a t  t h r u s t e r  e f f i c i e n c y  inc reased n e a r l y  l i n e a r l y  from 34 t o  79 p e r c e n t  as t h e  
s p e c i f i c  impulse was r a i s e d  f rom 1700 t o  5000 sec and was r e l a t i v e l y  i n s e n s l -  
t i v e  t o  i o n  o p t i c s  geometry or d ischarge chamber t ype .  There fore ,  o v e r  t h i s  
range t h e  thrust - to-power r a t i o  would be expected t o  be n e a r l y  c o n s t a n t  as 
observed i n  f i g u r e  13. Because i o n  t h r u s t e r  e f f i c i e n c y  i s  e s s e n t i a l l y  d e t e r -  
mined by s p e c i f i c  impulse,  t h e  s e l e c t i o n  o f  a g i v e n  geometry i s  n o t  based on 
performance b u t  on o t h e r  f a c t o r s ,  such as l i f e t i m e .  

A d i v e r g e n t  f i e l d  30-cm-diam xenon i o n  t h r u s t e r ,  ope ra ted  f o r  567 h r  a t  
10 kW, exper ienced i n t o l e r a b l e  e r o s i o n  r a t e s  o f  t h e  d i scha rge  b a f f l e  ( r e f .  3 ) .  
Reference 5 showed severe performance degrada t ion  w i t h  t h e  b a f f l e  removed. 
However, t h e  r ing-cusp geometry y i e l d s  s u p e r i o r  performance w i t h o u t  t h e  need 
for  a d i scha rge  b a f f l e  ( r e f s .  5 and 19). The re fo re ,  t h r u s t e r s  i n c o r p o r a t i n g  
t h e  r i ng -cusp  magnetic f i e l d  des ign a re  now t h e  b a s e l i n e  geometry ( r e f s .  4 
and 23) .  

CONCLUSIONS 

I n t e r e s t  i n  h i g h  power, h i g h  s p e c i f i c  impulse xenon i o n  t h r u s t e r s  i s  
i n c r e a s i n g .  
improved l i f e t i m e  and a more modest thermal env i ronment .  There fore ,  50-cm-diam 
i o n  t h r u s t e r s  have been eva lua ted  a t  NASA Lewis. 
e s s  more than 80 percent  o f  the  t h r u s t e r  i n p u t  power, t he  i o n  o p t i c s  a r e  con- 
s i d e r e d  t o  be the  most c r i t i c a l  component o f  i o n  t h r u s t e r s .  

Th rus te rs  w i t h  d iameters g r e a t e r  t han  30 cm o f f e r  p rospec ts  for 

Because they  t y p i c a l l y  p roc-  

The f a b r i c a t i o n  process and apparatus used a t  NASA Lewis t o  c o n s t r u c t  
30- and 50-cm-diam i o n  o p t i c s  were descr ibed.  
a f t e r  hydro forming  had been o m i t t e d  from t h e  NASA Lewis process w i t h o u t  d e l e t e -  
r i o u s  e f f e c t s  on 30-cm-diam o p t i c s  b u t  may be r e q u i r e d  f o r  l a r g e r  e l e c t r o d e s .  

S t r e s s  r e l i e v i n g  the  e l e c t r o d e s  

The 50-cm-dlam i o n  o p t i c s  w i t h  screen and a c c e l e r a t o r  e l e c t r o d e  open area  
f r a c t i o n s  o f  0.67 and 0.24, r e s p e c t i v e l y ,  were v i b r a t e d  t o  l e v e l s  seve ra l  t imes 
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those r e p r e s e n t a t i v e  o f  the  T i t a n  I11 launch v e h i c l e  and sub jec ted  t o  repeated  
36 g shocks. 
s e t .  

No damage was observed f o r  e l e c t r o d e s  v i b r a t e d  s i n g l y  or  as a 

The i o n  e x t r a c t i o n  c a p a b i l i t i e s  o f  s t a t e - o f - t h e - a r t  30-cm-diam i o n  o p t i c s  
were eva lua ted  on a 50-cm-diam r i ng -cusp  d ischarge chamber and found t o  be as 
much as 20 and 80 p e r c e n t  g r e a t e r  than those ob ta ined  when eva lua ted  on 30-cm- 
diam d i v e r g e n t  f i e l d  and r i ng -cusp  d i scha rge  chambers, r e s p e c t i v e l y .  

The i o n  e x t r a c t i o n  c a p a b i l i t i e s  o f  f o u r  s e t s  o f  50-cm-diam o p t i c s  were 
eva lua ted  on 50-cm-diam d i v e r g e n t  f i e l d  and r ing-cusp d i scha rge  chambers. The 
genera l  perveance l e v e l  was s i g n i f i c a n t l y  l e s s  than expected based on the  i o n  
e x t r a c t i o n  c a p a b i l i t i e s  o f  30-cm-diam o p t i c s .  I n  a d d i t i o n ,  t he  s e n s i t i v i t y  o f  
perveance t o  a c c e l e r a t o r  e l e c t r o d e  h o l e  d iameter  was s t r o n g e r  f o r  50-cm-diam 
o p t i c s  than f o r  30-cm-diam o p t i c s .  A s e n s i t i v i t y  o f  50-cm-diam i o n  o p t i c s  per -  
veance t o  d i scha rge  power l e v e l  was observed w i t h  the  d i v e r g e n t  f i e l d  d i scha rge  
chamber b u t  n o t  w i t h  t h e  more e f f i c i e n t  r i ng -cusp  geometry.  I n  a d d i t i o n ,  t he  
perveance o f  a g i v e n  s e t  o f  i o n  o p t i c s  was 20 t o  30 pe rcen t  lower  on t h e  r i n g -  
cusp d i scha rge  chamber compared t o  t h a t  o b t a i n e d  w i t h  t h e  d i v e r g e n t  f i e l d  geom- 
e t r y .  These e f f e c t s  may be t h e r m a l l y  induced and, t h e r e f o r e ,  s e n s i t i v e  to  
d i scha rge  power and tempera ture  d i s t r i b u t i o n s .  

Values o f  o v e r a l l  t h r u s t e r  performance were c a l c u l a t e d  from demonstrated 
d i scha rge  chamber and i o n  o p t i c s  c o n d i t i o n s .  The t h r u s t  inc reased from 0.09 t o  
0 .64  N as t h e  t h r u s t e r  power was inc reased  t o  20kW and t h r u s t e r  e f f i c i e n c y  
i nc reased  from 34 t o  79 p e r c e n t  as t h e  s p e c i f i c  impulse was increased from 
1700 t o  5000 sec. These per formance va lues  were r e l a t i v e l y  i n s e n s i t i v e  t o  i o n  
o p t i c s  geometry or d ischarge  chamber t ype .  
cusp t h r u s t e r  des ign  was based on o t h e r  f a c t o r s ,  such as l i f e t i m e .  

There fore ,  s e l e c t i o n  of the  r i n g -  

A s  t h e  i o n  o p t i c s  f a b r i c a t i o n  procedure and mount ing des ign  mature,  50-cm- 
diam i o n  t h r u s t e r s  shou ld  have a s i g n i f i c a n t  p o t e n t i a l  f o r  growth  i n  t h r u s t  and 
power l e v e l s .  
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mode a c c e l e r a t i o n  range, 

1 eve1 Hz 

Screen Sine sweep 0.25 g 5 t o  2000 
Screen Random 4.2 grms 20 t o  2000 
Screen Random 15 grms 20 t o  2000 

Acce le ra to r  S ine sweep 0.25 g 5 t o  2000 
Acce le ra to r  Random 15 grms 20 t o  2000 
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D u r a t i o n  

3 oct /min 
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1 min 

3 oct /min 
1 min 
1 min 

7.7 ms each 

TABLE I .  - ION O P T I C S  GEOMETRY AND EVALUATION ENVIRONMENT 

Diameter 
o f  i o n  

e x t r a c t i o n  
area,  

cm 

20.7 

28.7 
28.7 

49 

I 

- 
E.a 
per-  
cent  

0.35 

.30 

.30 

.20 

Dimensions 

Screen e l e c t r o d e  I Acce le ra to r  e l e c t r o d e  

dScreen h o l e  p a t t e r n  r e d u c t i o n  t o  compensate f o r  e l e c t r o d e  h o l e  misal igrlment 
bDIV - D ive rgen t  magnetic f i e l d  t h r u s t e r .  
cRC - Ring-cusp magnetic f i e l d  t h r u s t e r .  , 

Run 

FOA 

0.24 

.24 

.30 

.67 

.43 

.43 

.24 

.24 

Cold spacing 

Center, 
N 

0.50 

.66 

.76 

.81 
1.12 

.86 

.76 

.66 
1 .o 

Edge. 
Mn 

0.50 

.66 

.55 

.66 t o  1.0 

.71 t o  1.02 

.30 t o  .66 

.56 t o  1.0 

.38 t o  .66 
.76 

Discharge 
chambers 
evaluated 

on 

30 RCC 
30 DIV, 50 RCO, 

50 RC2 
50 D I V ,  50 RC 

50 D I V  
50 RC 1 

50 DIV, 50 RC 
50 D I V ,  50 RC 

V i  b r a t i  on tab1 e 
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TABLE 111. - OVERALL 50-cm-diam DIVERGENT F I E L D  XENON I O N  THRUSTER PERFORMANCE 

5 

- 
VN . 
V 

2.6 
3.8 
5.4 
6.2 

216 
262 
202 
224 

160 
163 
159 
175 

.773 .739 .994 .974 

.882 .837 .989 .969 

.832 .792 .992 .972 

.951 .906 .983 .963 

.690 .663 .996 .976 

.818 .780 .993 .973 

.754 .721 .995 .975 

.902 .E56 .988 .968 

6 

7 

4.2 
6.2 
7.3 
8.8 

2.6 
4.1 

181 
166 

.791 .755 .993 .973 

.890 .845 .989 .969 

0.629 
.831 
.948 
.799 

0.997 0.977 2 440 0.108 2160 0.468 
.990 .970 3 340 .146 2870 .615 
.975 .956 5 520 .206 4050 .741 
.992 .972 6 750 .265 3470 .668 

.972 

.967 

.934 

.973 

.961 

.974 

2 470 
5 150 
7 660 
10 900 
13 500 
15 200 

.099 

.191 

.248 

.359 

.433 

.487 

3090 
3920 
5000 
4150 
4970 
4250 

.484 

.800 
.999 .980 3 640 .132 2300 .409 
.992 .972 7 830 .256 4390 .703 

VD . 
V 

T ,  
N 

0.091 
.145 
.I94 
.299 
.390 
.498 

.129 

.206 

.319 

.382 

.229 

.410 

.512 

.644 

.162 

.254 

P ,  
W 

2 240 
3 480 
4 700 
7 650 
10 700 
14 000 

3 230 
5 750 
8 630 
10 900 

5 700 
1 1  800 
15 200 
20 200 

4 600 
7 080 

‘IT 

0.336 
.34b 
.443 
.559 
.613 
.563 

.538 

.618 

.636 

.718 

.535 

.659 

.626 

.734 

.609 

.694 

8.0 

0.569 1 - 0.978 
.977 
.977 
.975 
.973 
.975 

600 
700 
820 
1100 
1400 
1500 

30.6- 
32.7 
32.6 
32.7 
33.0 
32.0 

32.0 
32.6 
31.6 
34.0 

29.5 
29.2 
31.7 
31.7 

27.1 
28.3 
- 

~~ 

1690 
1910 
2190 
2920 
3430 
3230 

0.998 
.997 
.997 
.995 
.993 
,995 

.752 

.800 

950 
1150 
1360 
1500 

1150 
1700 
1900 
2100 

1510 
1520 - 

u. - 

2750 
3410 
3510 
4180 

2720 
3870 
3790 
4700 

3530 
3950 - 

. 23) ERALL 50-cm-diam RING-CUSP XENON ION THRUSl  PERFORMANCE ( r8 TABLE 

VN I 

V 
VD 1 

V 

30.9 
31 . O  
32.0 
29.5 

32.0 
32.2 
30.2 
25 
29 
24 

31 
30.3 

- 

- 

W’A I I I I w  I N I S ’ I  - 
803 
830 
1300 
1300 

1030 
1440 
1800 
2000 
2100 
2200 

1535 
2080 

4.58 

1.92 
3.15 
3.80 
5.00 
5.96 
6.46 

2.09 
3.50 

.607 

.712 

.793 

.670 

.781 

.667 

151 .840 
133 1 .909 
164 1.09 
136 .807 

.800 
,862 

.770 

.912 

.752 

1.02 

.992 

.987 

.953 

.993 

.981 

.994 

UPPER 
CHAMBER 

UPPER CLAMPING 

--LOWER CLAMPING 

CLAMPING NUT 

lizl 5 3  AND 

’ LHYDROFORMING 
CHAMBER F I L L  

FIGURE 2. - SECTION VIEW OF HYDROFORMING APPARATUS. 
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FIGURE ?. - ION OPTICS FABRICATION PROCEDURE. 
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FIGURE 3. - 50-CM-DIAM SCREEN ELECFRODE CLAMPED TO VIBRATION 
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FIGURE 5. - 50-CM-DIAM RING-CUSP MAGNETIC F I E L D  
DISCHARGE CHAMBER USED WITH 50-CM-DIAM ION 
OPTICS (50 RC).  
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FIGURE 6. - 50-CM-DlAM RING-CUSP DISCHARGE CHMBER USED WITH 
30-CM-DIAM ION OPTICS (50 RCO, 50 RC2). 
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FIGURE 9. - RANDOM VIBRATION, 15 RMS (RUNS 3. 5. AND 6). 
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smaller launch vehicles for orbit transfer missions. Fifty-cm diameter thrusters, proposed to satisfy the mission 
requirements, have been fabricated and evaluated. Because the ion optics are considered to be the most critical 
component, they were subjected to extensive mechanical and electrical evaluation. The ion optics fabrication 
process, used at NASA Lewis Research Center for the past 18 years to make 30- and 50-cm diameter ion optics 
was described. Fifty-cm diameter ion optics were vibration tested with no apparent damage. The ion extraction 
capabilities of 30- and 50-cm diameter ion optics were evaluated on divergent field and ring-cusp discharge 
chambers and compared. Sensitivities of perveance to discharge chamber type, discharge chamber power, and 
accelerator electrode hole diameters were observed. Thrust and input power levels up to 0.64 and 20 kW, 
respectively, were demonstrated with the divergent field discharge chamber. Thruster efficiencies and specific 
impulse values up to 79 percent at 5000 sec were achieved. 
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